Composites are materials made by combining two individual materials where one material forms the matrix while the other provides the reinforcement. A novel composite sandwich made up of glass fibre reinforced polymer (GFRP) face sheets and modified phenolic core has been developed recently. Although perfect bond between the skin and the core is a common assumption, an important issue that needs to be considered in using a composite beam is the development of debonding between the skin and the core. Debonding may arise during fabrication or under service conditions, which causes changes to the dynamic behaviour in addition to the strength degradation. This paper focuses on the effect of debonding on dynamic characteristics of sandwich beams of different debonding sizes and end conditions. Strand7 software is used for 3D finite element simulation. Free vibration behaviour reported in the literature for composite beams will first be used to compare the analytical results with the fully bonded and debonded beams. Study is extended to depict the effect of debonding on free vibration behaviour of novel composite beams.
INTRODUCTION
Composites are made by combining two physically distinct and mechanically separable components where one forms a continuous matrix while the other provides the reinforcement. These two components are combined to achieve optimum properties, which are superior to the properties of each individual component. Sandwich structure accomplishes this by bonding high-density, high-strength material to either side of a low density core material. Fibre reinforcements are generally favoured since most materials are much stronger in fibres form than in their bulk form.
The past two decades have witnessed a substantial increase in the demand and use of fibre reinforced composites for structural applications, specifically in the construction of large-scale structures such as fibre composite bridges, due to its high strength, durability and reduced weight. While sandwich composite construction has some great benefits, the behaviour of sandwich structures containing damage is more complex and one of the major factors limiting the optimum usage of sandwich structures.
*Indunil.Jayatilake@usq.edu.au; phone 0734704454 Sandwich structure relies on the adhesive bond between the face-sheet and core for its overall stability and consistency. A region where there is no bond is called a debond. Although perfect bond between the skin and the core is a common assumption, an important issue that needs to be considered in using a composite panel is the development of debonding between the skin and the core. Debonding may arise during fabrication or under service conditions, which may cause changes to the free vibration behaviour in addition to the strength degradation.
In the Australian context, there is an ever increasing demand for composites as an alternative to Australian hardwood that have been used for a wide range of applications including piles, railway sleepers and bridge components, due to the increasing cost, shortage and decline in quality of hardwood components.
A new generation composite sandwich made up of glass fibre reinforced polymer (GFRP) skins and high strength phenolic core material have been developed in Australia. The outstanding features of this sandwich material including high strength to weight ratio, good thermal insulation and termite resistance offer this composite panel a wide range of applications in Australian construction industry as structural elements such as beams, slabs, bridge decks and railway sleepers. The Centre of Excellence in Engineered Fibre Composites (CEEFC) at the University of Southern Queensland (USQ) has played a leading role in these developments. According to Aravinthan and Manalo [1] , while fibre composites are reaching a point of commercial reality in the Australian construction industry, challenges faced by the structural designer includes, the understanding of the behaviour of the fibre composite materials, its failure modes and applying available design guidelines to the local needs.
With the rapid growth in computer facilities, analysis of three dimensional models with large degrees of freedom has been made possible. These computer programs are based on the Finite Element Method for discretizing the structure to produce a mathematical model which can be used within the context of numerical solution procedures.
The dynamic behaviour of composite structures is an important technological area to be investigated and understood if these materials are to be used efficiently. Although the use of fibre composite and sandwich structures has increased tremendously, there are still several aspects concerning the dynamic behaviour of these materials that are not clearly understood. One such aspect is the dynamic behaviour of debonded composites.
Debonding is one of the most common types of damage in composites. It refers to the separation of skin from the core material in composite sandwich which occurs when the fiber-matrix bond fails. This may happen during fabrication or during service. The key problem with debonding failure is that they are sub surface, which makes them difficult to detect and can therefore grow to a critical size before being detected, and as a result, mechanical properties of sandwich materials can be severely degraded [2] . The presence of debonding is of great concern not only because it severely affects the strength, but also it modifies the dynamic behaviour of the structure. Debonding may reduce the natural frequency which in turn may result in resonance. As such, it is imperative to make accurate forecasts of changes in natural frequencies in composite structural elements used in practice.
According to Burlayenko & Sadowski [3] , although several studies have been reported in the literature on free vibration behaviour of delaminated plates, only few investigations have been conducted on effects of debonding on vibration characteristics.
Kulkarani and Frederick [4] were among the first to examine the problem of delamination in laminated composite structures, and in their study the effect of delamination was considered as a reduction in bending rigidity [5] . However later studies revealed that such modelling overestimates the reduction in bending stiffness due to delamination and hence gives erroneous results [5] . The research carried out by Mujumdar & Suryanarayan [5] was an analytical and experimental study on vibration characteristics of delaminated beams, and they assumed that delaminated segments of the beam are constrained to have transverse displacements along the whole length of the beam but are free to slide over each other. Their results were in excellent agreement with experimental results. Grouve et al. [6] extended the model proposed by Mujumdar and Suryanarayan [5] for anisotropic laminated composite beams, to investigate the influence of delamination on the resonance frequencies. Duggan and Ochoa [7] , in their study, anticipated that the natural frequencies are sensitive to the size, location, and shape of delamination in structural components.
Kwon and Lannamann [8] used a finite element analysis with surface-to-surface contact model to predict the dynamic behaviour of a debonded cantilever sandwich beam subjected to an impact load at the free edge. A high-order analytical approach for the free vibration analysis of fully bonded and debonded unidirectional sandwich panels with a transversely flexible core was presented by Schwarts et al. [9] . In their approach, compressibility and shear deformability of the core, and also the 'with' and 'without' contact conditions at the debonding between skin and core were taken into account. Same authors presented a modified Galerkin method to tackle the same problem [10] . They verified their results against those from FE analysis with ANSYS code. Mendelsohn [11] investigated the progressive failure of debonding in a sandwich plate by using the Dugdale-Barenblatt cohesive zone model. Later Chakrabarti and Sheikh [12] carried out dynamic analysis of a debonded sandwich plate by employing a linear spring model in the interfacial region.
Karunasena [13] carried out a numerical investigation into variations in natural frequency due to various amounts of debonding along the glue line in a novel four layer laminated fibre composite sandwich plate structure using Strand7. Both simply-supported and clamped-clamped end conditions were considered in the analysis, and it was revealed that the mid-plane glue-line debonding causes a higher reduction in frequencies than the bottom plane glue line debonding. Islam & Aravinthan [14] carried out experimental tests on the innovative composite sandwich panels under point load, and debonding between the sandwich core and the skins observed at the edge of the wrinkled part as shown in Figure 1 . Figure 1 . Debonding failure between sandwich core and skins [14] Burliayenko & Sadowski [3] investigated influence of debonding on free vibration behaviour of foam and honeycomb cored sandwich plates using finite element code ABAQUS. They found that core types of the sandwich plates strongly affect their dynamic response. Later the same authors [15] reported their findings on dynamic characteristics of honeycomb and PVC foam core sandwich plates containing skin/core debonding by finite element modelling with ABAQUS, and discovered that natural frequencies are poorly sensitive to the number of debonding zones. Newly the same two authors [16] developed a finite element model for analysing the dynamic response of sandwich plates with partially damaged face sheet and core using three-dimensional finite element model with ABAQUS. It was revealed from the study that, for an accurate simulation of dynamics of debonded sandwich plates, the contact phenomenon within the debonded region need be taken into account.
Generally it was observed that the majority of research carried out has been concerned with delamination of laminated structures whereas skin-core debonding in a single layer beam has received relatively minor attention. This paper reports dynamic analyses of debonded GFRP composite beams using Strand7 finite element code. The effects of debonding on the free vibration characteristics and mode shapes are investigated. This study aims at developing a deeper understanding of the damage behaviour and change in dynamic characteristics of the novel GFRP sandwich beams with regard to debonding.
METHOD AND MATERIALS
The finite element method (FEM) is today the most powerful numerical tool available for the analysis of structures [17] . Finite element method involves dividing the structure into an equivalent system of finite elements with associated nodes, selecting the most appropriate element type to model closely the actual physical behavior, formulating the equations for each finite element and combining them to obtain the solution of the whole structure [18] .The computer program employed in this research to model, analyze and investigate the dynamic response of debonded composites is the finite element software Strand7. Strand 7 is a software package based on the finite element method, and if offers a visual environment for applying the method to real world engineering problems [17] .
In this study, parametric investigation is carried out to assess the influence of various parameters of concern including length and width of the debond, location of debond, size and support conditions of the beam, on the dynamic behaviour. Numerical modelling is done using the 'natural frequency' solver in the Strand7 finite element software code [17] . According to Gaiotti and Risso [19] , in a composite sandwich, the core under compression is in practice a solid structure which behaves like a brick sustaining the shear strains and allowing transversal compression of a three dimensional stress field, while the skins behave as plates. Accordingly, in modeling the composite beam with Strand7, the core is modeled as three-dimensional brick solid elements while the skins by plate elements.
Top and bottom skins are modelled using 4-noded (Quad4) rectangular plate elements, while the core is modelled using linear elastic orthotropic 3D brick elements (Hexa8) to take care of any shear deformations happening in the thick core. The structural integrity between top skin and core is shielded with the use of 'rigid link' elements to connect plate nodes with corresponding brick nodes at the top surface level of the core. The length of these links is taken as h st /2 where h st is the thickness of the top skin (see Figure 1) . These rigid links ensure that there is no gap or sliding between the top skin and the core. Accordingly, bottom skin is connected to the bottom surface of the core using rigid links of length h sb /2 where h sb is the thickness of the bottom skin.
The debonding area is modelled by removing the rigid link constrains between the skin and the core and replacing them with master slave links. These links will permit sliding between interfaces of skin and core in the horizontal directions while keeping skins in contact with the core in the vertical direction. Once the FE model is generated, the appropriate eigenvalue problem can be solved to obtain natural frequencies and corresponding mode shapes for each case. As customary in the conventional finite element method, more elements will ensure better convergence and hence, several numerical analyses are carried out with refined mesh sizes until a reasonably converged solution is achieved.
Assumptions made in the FE simulation: 1. Debonding is assumed to be an artificial flaw of zero thickness, embedded between top skin and core. 2. It is assumed that debonding exists before vibration starts and stays constant without propagation during the period of vibration 3. Debonded surfaces (of skin and core) are assumed to be in contact vertically but can slide in the horizontal plane (similar to contact or constrained model).
Initially, the numerical model is verified by comparing model results with published results for a similar scenario. Subsequently, numerical analyses were carried out to obtain natural frequencies and mode shapes of the new generation sandwich composite beams by varying the parameters accordingly. 
Dynamic analysis for the debonded novel composite sandwich beams
Free vibration frequency results for the first five modes for the novel composite sandwich beam with full width, half width and various lengths of debonding along the length of the beam are presented in this section. In addition, mode shapes were compared for prominent cases. Three boundary conditions, namely, both ends simply supported (S-S), clamped-clamped (C-C) and clamped-free (C-F) are used in the analysis. The relevant dimensions for the novel composite sandwich beam are (see Figure 2 ): L = 300 mm, b = 20 mm, h c = 16 mm and h sb = h st = 2 mm. Debonding length 'a' varies from 30 mm to 270 mm in steps of 30 mm.
The debonding is located centrally along the length of the beam and extends through the full width of the beam for case 1, and only middle half width for case 2. Each beam presented here is a new generation sandwich composite structure mentioned in the introduction of this paper and consists of a rigid core bonded to the top and bottom glass fibre composite skins. The effective mechanical properties used in this study for the fibre composite skin and the core material of the sandwich beam are listed in Table 3 . In the analysis, the skin is assumed as orthotropic while the core is assumed as an isotropic material. A typical 3D finite element model created with Strand7 for the beams with C-C end condition is shown in Figure 3 . A general reflection through all these variations is that the extent of natural frequency variation with respect to debonding length increases with the order of the natural frequency, giving the least variation for the first frequency.
Another interesting observation is that the change in frequency with change in debonding length is much more significant for all five free vibration frequencies for the full width debonding when compared to half width debonding. This is true for all three end conditions, the change in frequency increasing with the order of the frequency, giving highest frequency variation for the 5 th natural frequency, as clearly seen from figures 4, 5 and 6. 
CONCLUSIONS
This paper addresses the change in dynamic behaviour due to various amounts of debonding along the length and width of a novel composite sandwich beam for simply supported, clamped-clamped and clamped-free end conditions. The numerical analysis was carried out using three dimensional modelling with Strand7 finite element software code. The accuracy of the numerical solution was verified by comparing present results with published results. Based on the results of the numerical analyses, the following conclusions are made.
1. Debonding causes changes in dynamic behaviour in composite sandwich beams.
2. In general, debonding reduces the natural frequency in comparison with full bonded composites.
3. The extent of natural frequency variation with respect to debonding length increases with the order of the natural frequency, giving the least variation for the first frequency. Generally, natural frequency decreases more rapidly as the mode number increases.
4. Debonding causes some changes to the modes of vibration. These changes are dependent on the mode number and end conditions of the beam.
5. It is perceived that full width debonding would lead to increased participation of twisting modes, compared to half width debonding, for clamped-clamped end condition.
6. The decrease in natural frequency with the increase in the extent of debonding is more dependent on the width of debonding across the beam than the length along the beam for the novel composite beam considered in the analysis.
7. The end conditions of the beam are also a governing factor dictating which modes are more affected.
8. If the working frequency of the beam is kept away from the range 50% to 100% of the virgin beam, there is no possibility of resonance happening due to debonding for the novel composite beams considered in this analysis.
